Cooking is imperative for beans owing to the presence of compounds that can negatively affect nutritional value. Additionally, the heating of beans can increase protein digestibility and induce desirable sensory properties. However, cooking also causes considerable changes in the composition of numerous chemical constituents, including amino acids, vitamins, and minerals. For this, effects of domestic cooking on the essential element concentrations in various beans species (Phaseolus vulgaris L.) were investigated using jalo, fradinho, rajado, rosinha, bolinha, black, and common species. Elemental determination was made with flame atomic absorption spectrometry and inductively coupled plasma optical emission spectrometry after sample digestion in a closed-vessel microwave oven using a diluted oxidant mixture. Analytical methods were evaluated with an addition and recovery test and analysis of certified reference materials (apple and citrus leaves). Ca, Cu, K, and Mg were present mainly in rajado, Cu in jalo, Fe in black, S and Zn in fradinho, and P in rosinha species. Thermal treatment did not affect Cu, Fe, S, and Zn concentrations, but it increased Ca, K, Mg, P, and Zn concentrations in jalo and black species. Ca concentration decreased in fradinho and rajado species, as did Fe concentration in jalo and rajado species.
Introduction
Brazil is the largest worldwide producer (2.2-2.5 million tons on approximately 5 million hectares cultivated) and consumer (around 16 kg per capita) of beans [1] [2] [3] . The Brazilian food pyramid shows beans in a group of their own, and the Food Guide for the Brazilian Population recommends the consumption of at least one portion of beans per day [4] . Beans are one of the main protein sources for Brazilians [1] [2] [3] .
There are several typical Brazilian Phaseolus species, including jalo, rosinha, fradinho, rajado, bolinha, common ("carioca"), and black. In general, these species are good sources of vitamins, minerals (K, Ca, Mg, P, and Fe salts), protein (20-25%), and complex carbohydrates (50-60%) [2, 5, 6] . Besides being nutritionally important, beans serve as rich sources of bioactive compounds such as enzyme inhibitors, lectins, phytates, oligosaccharides, and phenolic compounds with potential health implications [7] . Importantly, the elemental chemical composition of beans varies with species, geographic origin (soil, water, pesticides, insecticides, and fertilizers), and climate [8] .
Given the nutritional importance of beans, differences in the elemental chemical composition of Phaseolus species should be evaluated in beans cooked for human consumption. Cooking is imperative for beans owing to the presence of compounds such as trypsin inhibitors, lectins, phytates, polyphenols (especially tannins), and oligosaccharides (raffinose and stachyose) that can negatively affect nutritional value. Trypsin inhibitors and lectins are thermolabile, disappearing after proper cooking. Other compounds are thermostable, but their concentrations are reduced by dissolution in water [4] .
The heating of beans can increase protein digestibility from 25-60% (raw) to 85% (cooked) depending on the species and cooking method [9] . Furthermore, cooking induces desirable sensory properties in beans, such as sweet taste, cooked bean flavour, and soft and mushy textures [2] . However, cooking also causes considerable changes in the composition of numerous chemical constituents, including amino acids, vitamins, and minerals [5] .
Cooking decreases carbohydrate content and increases the protein content of kidney beans. A significant decrease in the content of all amino acids, especially methionine, tyrosine, and threonine, has also been observed for this species [10] . Studies with other types of beans and legumes have also revealed changing mineral content. Essential elements lost during cooking lixiviate to the cooking water, and bean preparations consumed with their cooking water can retain those minerals [4, 11] . However, heating can alter elemental chemical species and, consequently, their bioavailability.
The aim of this study was to evaluate the effects of domestic cooking on the essential elements (Ca, Cu, Fe, K, Mg, P, S, and Zn) compositions of seven Phaseolus species. Elemental determination was carried out with inductively coupled plasma optical emission atomic spectrometry (ICP OES) and flame atomic absorption spectrometry (F AAS) after acid digestion of raw and cooked beans using a diluted oxidant mixture and a closed-vessel microwave oven.
Materials and Methods

Reagents and Samples.
Seven Phaseolus species (common, black, rajado, rosinha, bolinha, fradinho, and jalo) were purchased at a local market in São Paulo. Two brands were selected with mass of 500 g of beans. Six species (common, black, jalo, rosinha, rajado, and bolinha) were of the same brand. The geographic origin of the species are São Paulo (rosinha, rajado, and bolinha) and Minas Gerais (common, black, fradinho, and jalo), according to the producers. Apple (SRM 1515) and citrus (SRM 1572) leaves as standard reference materials from the National Institute of Standards and Technology (Gaithersburg, MD) were used to check the accuracy of the analytical methods.
All solutions were prepared from analytical reagent grade chemicals using high-purity deionised water obtained from a Milli-Q water purification system (Millipore, Belford, MA). Analytical grade 65% (w/v) HNO 3 distilled in a quartz subboiling still (Marconi, Piracicaba, Brazil) and 30% (w/v) H 2 O 2 (Merck, Darmstadt, Germany) were used for sample digestion. Titrisol standard solutions of 1000 mg/L of all elements (Merck, Darmstadt, Germany) were used to prepare the reference analytical solutions in 0.14 mol/L HNO 3 . Analytical curves were prepared with the following reference solutions: 10-200 mg/L of Ca, K, Mg, P, and S; 1.5-6.0 mg/L of Cu; 1.0-3.0 mg/L of Fe; and 0.20-0.80 mg/L of Zn. All solutions were prepared in 0.14 mol/L HNO 3 .
Preliminary Sample Preparation.
Raw beans were cleaned with deionized water and dried in an oven (model 515, FANEM, São Paulo, Brazil) at 60 ∘ C to constant mass. Then, one part of the raw beans was ground using a cryogenic grinder (MA 775 model, Marconi, Brazil), with 5 min of freezing followed by three cycles of 2 min of grinding, with 1 min of freezing between each cycle [12, 13] . The rest of the raw beans were cooked. 
Cooking Procedure.
To apply cooking techniques similar to those used in homes [3, 14] , we soaked raw beans (approximately 20 g) in tap water at room temperature for 24 h. The soaking water was discarded, a volume of deionized water (approximately 200 mL) was added to the soaked beans, and the beans were cooked on an electric hotplate until they were soft and 90% of water had evaporated. The total cooking time ranged from 45 (bolinha) to 60 (rosinha) min, depending on the Phaseolus species. Cooked beans and water were mixed and dried in an oven at 60 ∘ C until constant mass was reached. The mixture was then ground using a cutting mill (GM 200 model, Retsch, Germany) for 3 min at 1800 ×g.
Sample Digestion.
Raw and cooked beans (and certified material of apple leaves) were submitted to acid digestion in a closed-vessel microwave system (Multiwave 3000, Anton Paar, Austria) equipped with 16 fluoropolymer vessels and a ceramic vessel jacket. These components supported a maximum temperature and pressure of 240 ∘ C and 4 MPa, respectively. Sample masses ranging from 150 to 250 mg were digested using a diluted oxidant mixture (2 mL HNO 3 + 1 mL H 2 O 2 + 3 mL H 2 O) [15] . The heating program was performed in three steps (temperature/ ∘ C; ramp/min; hold/min): (1) (140; 5; 1); (2) (180, 4, 5); and (3) (220, 4, 10). A fourth step for cooling the system through forced ventilation was carried out for 20 min. After digestion, samples and blank solutions were transferred to plastic flasks and made up to 10 mL with deionized water. The digestion procedure was carried out in triplicate for each sample.
Ca, K, Mg, P, and S Determinations. An iCAP 6300
Duo ICP optical emission spectrometer (Thermo Fisher Scientific, Cambridge, England) equipped with axially and radially viewed plasma was used throughout the study. The spectrometer was equipped with a simultaneous charge injection device detector allowing measurements from 166.25 to 847.00 nm. The Echelle polychromator was purged with argon. The introduction system was composed of a cyclonic spray chamber and a Meinhard nebulizer. The injector tube diameter of the torch was 2.0 mm. The instrumental conditions for ICP analysis are given in Table 1 .
Limit of detection (LOD) was calculated using the background equivalent concentration (BEC) and signal-tobackground ratio (SBR) according to IUPAC recommendations [15, 16] LOD was calculated using the standard deviation of 10 measurements of analytical blank (LOD = 3 × blank , where is the standard deviation). LOQ was equal to 3 × LOD. The values were obtained in g g −1 , considering a sample mass of 250 mg and a final volume of 10 mL.
Addition of 1 mg L −1 of Cu 2+ , 1mgL −1 Fe 3+ , and 0.5 mg L −1 Zn 2+ and recovery tests were used to verify the reliability of the procedure. Additions of analytical solutions of Cu, Fe, and Zn in raw and cooked beans were made before acid digestion in the microwave oven. Apple leaves (SRM 1515) were submitted to acid digestion and used to check the accuracy of the analytical method.
Results and Discussion
Optimization of Flame Conditions.
The appropriated chemical environment of the air-acetylene flame is suitable for breaking down most compounds to atoms with reasonable efficiency. The flame conditions can alter the atomic precursors or form refractory species of the element of interest, or both [17] . As shown in Figure 1 , the variation of fuel flow had no effect on the atomization of Cu and Fe. However, Zn showed significant increase in absorbance signal from 70 L h −1 . In a poor flame, it can form a refractory Zn oxide, because above 70 L h −1 , the analytical signal was increased.
Therefore, the fuel flow for the three elements was 70 L h −1 , taking into consideration the profile and standard deviation of the absorbance signal. After the optimization of the fuel flow, the observation height was studied (see Figure 1) . The best height was chosen considering the profile and standard deviation of the absorbance signal; 8 mm was applied in the Cu, Fe, and Zn determination in the samples. The evaluation of this parameter is important, because high absorbance signal represents the interaction of the radiation from the hollow cathode lamp with gaseous atoms in the fundamental state.
Figures of Merit. Characteristic parameters of the analytical calibration curve, such as linear range, correlation coefficient (
2 ), average RSD for repeatability of calibration solution measurements ( = 5), and LOD and LOQ (in g g −1 ) are presented in Table 2 . The quality of the results obtained with F AAS and ICP OES was checked by analysing SRM 1515 and SRM 1572, respectively, which were submitted to the same experimental procedures adopted for the samples. The comparison between experimental and certified values for all analytes is presented in Table 3 . The results showed that the methods were selective and accurate, and they are in good agreement with Student's t-test at a 95% confidence limit.
Analytical solutions of Cu, Fe, and Zn were added to a sample mass (raw and cooked beans) before acid digestion in the microwave oven. The influence of concomitants in Cu, Fe, and Zn determinations with F AAS and analyte losses during the sample preparation (digestion) were investigated through an addition and recovery test (see Table 3 ). The recoveries (see Table 3 ) showed an absence of chemical interference in the elemental determination and no losses or contamination in the sample pretreatment step. According to NBR ISO/IEC 17025 [18] , the recovery tolerance ranged from 70% to 120%.
Cooking Effects on Essential Element Concentrations in
Beans. The elemental concentrations of cooked and raw Phaseolus species are shown in Table 4 . Between the species, these concentrations were different, due to genetic, environmental, and processing factors. However, the influence of growing location, seasonal variation, cultivation practices, and between-plant variation can be determined only through an analysis of chemical composition [8] . In raw Brazilian beans, Ca, Cu, K, and Mg were present mainly in the rajado species, Cu in jalo, Fe in black, S and Zn in fradinho, and P in rosinha. After cooking, the highest Cu, Fe, and Zn concentrations were found in the same raw species. However, Ca, Mg, and S were present in the black species, whereas K and P were present in the jalo species. Studies of the chemical composition of food are critical from the nutritional and toxicological points of view. The amount of an essential nutrient considered adequate for human requirements is called the dietary reference intake. US Food and Drug Administration regulations require nutrition labelling for most foods. Reference daily intakes for some essential elements of human nutrition and daily reference values have been established, namely: Ca (1000 mg), Cl (3400 mg), Cu (2 mg), Fe (18 mg), K (3500 mg), Mg (400 mg), Mn (2 mg), P (1000 mg), and Zn (15 mg) [19] . Considering the concentrations of these elements (see Table 4 ) and the consumed amount (approximately 170 g) of the different species of the cooked beans, the masses of these ingested elements ranged from 107 (fradinho) to 281 (black) mg for Ca, 10 (fradinho) to 17 (jalo) mg for Fe, 0.6 (bolinha) to 2.4 (black) for Cu, 1423 (fradinho) to 2125 (jalo) mg for K, 114 (bolinha) to 167 (black) mg for Mg, 583 (rosinha) to 889 (jalo) mg for P, 275 (rosinha) to 386 (preto) mg for S, and 6 (rajado and black) to 9 (fradinho) for Zn. Daily reference values can be achieved depending on the bean species and consumed amount.
The thermal treatment applied to beans improves protein and starch digestibility and raises nutritive value by reducing antinutrients such as phytic acid and tannins [2] . However, information regarding the effect of thermal treatment on essential element concentrations in beans remains limited. Comparing the results of the raw and cooked beans (see Table 4 ) and applying Student's t-test at a 95% confidence limit, the Cu, Fe, S, and Zn concentrations were unaltered by cooking. In jalo and black species, the heating increased Ca, K, Mg, P, and Zn concentrations. Contamination may have occurred during acid digestion, cooking, or both. Contaminations of the deionized water used in the cooking were discarded, due to production of analytical blank. Additionally, cooking decreased Ca concentration in the fradinho and rajado species and Fe concentration in the jalo and rajado species. Reduction in essential element concentrations may be the result of the discarding of the soaking water. Studies have shown that soaking beans in water and discarding the water may eliminate a percentage of tannins, phytates, and oligosaccharides [4] .
The effects of cooking on soluble iron distribution have been evaluated in legumes, beans, chickpeas, and lentils [12] . Cooking reportedly increases soluble iron content in the cooking water. Additionally, thermal treatment can promote the interaction of accessible species with other components of the human diet, altering bioavailability. An increase in nonheme iron absorption is observed in the presence of ascorbic acid and amino acids, and decreased absorption occurs during interactions with antinutrients such as phytates, polyphenols, and calcium, which are part of the food and, having a varied nature, exert toxic or antinutritional action when ingested in the native form (uncooked or insufficiently cooked foods) [1] . In white beans, traditional cooking has a positive effect on the bioavailability of Ca, Zn, and Fe. Studies have shown that the digestibility and, hence, absorption of Fe can be improved by heat processing owing to break of protein-iron bonds [7] . Notably, the total concentrations of these essential elements were not modified by cooking, but chemical speciation and bioavailability studies must be undertaken to draw conclusions about thermal effects on chemical species. These studies are important for improving mineral content in cultivated bean species through breeding programs [6] .
Conclusion
Essential element determination with F AAS and ICP OES after acid digestion in a closed microwave oven using diluted oxidant mixture was carried out to evaluate the effect of cooking on various Phaseolus species. The total concentrations of essential elements in raw beans of seven Phaseolus species 
